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Background
Air pollution has been associated with impaired health, including reduced lung function in adults. Moving to cleaner areas has been shown to attenuate adverse effects of air pollution on lung function in children but not in adults.
Methods
We conducted a prospective study of 9651 adults (18 to 60 years of age) randomly selected from population registries in 1990 and assessed in 1991, with 8047 participants reassessed in 2002. There was complete information on lung volumes and flows (e.g., forced vital capacity [FVC] , forced expiratory volume in 1 second [FEV 1 ], FEV 1 as a percentage of FVC, and forced expiratory flow between 25 and 75% of the FVC ]), smoking habits, and spatially resolved concentrations of particulate matter that was less than 10 μm in aerodynamic diameter (PM 10 ) from a validated dispersion model assigned to residential addresses for 4742 participants at both the 1991 and the 2002 assessments and in the intervening years.
Results
Overall exposure to individual home outdoor PM 10 declined over the 11-year follow-up period (median, −5.3 μg per cubic meter; interquartile range, −7.5 to −4.2). In mixedmodel regression analyses, with adjustment for confounders, PM 10 concentrations at baseline, and clustering within areas, there were significant negative associations between the decrease in PM 10 and the rate of decline in FEV 1 (P = 0.045), FEV 1 as a percentage of FVC (P = 0.02), and FEF 25-75 (P = 0.001). The net effect of a decline of 10 μg of PM 10 per cubic meter over an 11-year period was to reduce the annual rate of decline in FEV 1 by 9% and of FEF 25-75 by 16%. Cumulative exposure in the interval between the two examinations showed similar associations.
Conclusions
Decreasing exposure to airborne particulates appears to attenuate the decline in lung function related to exposure to PM 10 . The effects are greater in tests reflecting smallairway function. L ong-term exposure to air pollutants, especially particulate air pollution, has been repeatedly associated with increased mortality 1-5 and with decreased lung function. [6] [7] [8] [9] Lung function is known to be one of the strongest determinants of cardiorespiratory health and longevity, 10-13 although the causal pathway is poorly understood. 14 According to a recent report, reduced exposure to concentrations of particulate matter that is less than 2.5 μm in aerodynamic diameter (PM 2.5 ) was associated with a reduction in mortality from all causes, from cardiovascular causes, and from lung cancer. 15 Whereas the beneficial effects of smoking cessation on lung function are well established, 16, 17 there has been little investigation of the effects of reductions in air pollution on lung function. 18 A study in California showed that a pollutantrelated delay in lung development in children 19 can be attenuated if children move to cleaner geographic areas. 18 In adults in Switzerland, residence in more polluted areas has been associated with reduced lung function. 6 However, it is not known whether the pollution-related effects are a result of lower achieved levels of lung function at the end of the growth period or whether air pollutants can accelerate a decline in lung function during adult life. One study that investigated the effect of air pollution on longitudinal change in lung function showed that a greater decline in the forced expiratory volume in 1 second (FEV 1 ) in adults was associated with residence near major roads, 8 indicating that there may be measurable effects during adult life.
The use of air-pollution measurements from a fixed monitoring site to characterize community exposure is being superseded by individual estimates of exposure. 20 Models of concentrations of pollutants according to residence now include interpolation techniques 4 and the use of geographic information system software. 5 Individual estimates permit characterization of exposure differences across and within communities 21 and should improve the statistical power to detect pollutionrelated effects.
The Swiss Cohort Study on Air Pollution and Lung Diseases in Adults (SAPALDIA) is a prospective study of a population sample of adults that was designed to investigate long-term health effects of air pollution. Levels of PM 10 (particulate matter with an aerodynamic diameter <10 μm) have commonly been used to assess exposure to suspended particulate matter in the respirable range, 22 and the baseline assessment of the SAPALDIA cohort in 1991 showed that average levels of forced vital capacity (FVC) were inversely associated with ambient levels of PM 10 at central sites. 6 We have now assigned individual estimates of ambient PM 10 concentrations to each participant's residence for each year from 1991 to 2002 and hence can estimate exposure for each participant over the 11-year follow-up period. PM 10 concentrations in ambient air have, on average, declined in Switzerland during the past decade. 23 In this article, we examine whether age-related decline in lung function was smaller in participants who had a greater decline in exposure to PM 10 .
Me thods
Study design and population
The methods and selection of the study participants have been described in detail elsewhere. 24, 25 The population was a random sample of adults recruited in 1990 with the use of population registries in eight areas of Switzerland. In 1991, health examinations were conducted in 9651 adults who were between 18 and 60 years of age and of whom 51% were women; 8047 participants were reassessed in 2002. Approval of the study was obtained from the Swiss Academy of Medical Sciences and the regional ethics committees, and written informed consent was obtained from all participants. This analysis includes 4742 participants with complete results of spirometry, residential history, smoking history, and PM 10 data from both surveys and the intervening years (Fig. 1) . The SAPALDIA team takes responsibility for this report from the study.
Assessment of Exposure to Air pollution
The assessment of exposure to PM 10 for individual subjects was performed with the use of a dispersion model (PolluMap, version 2.0) that simulated hourly concentrations of PM 10 with a 200 m by 200 m spatial resolution for 1990 and for 2000 26 (details are in the Supplementary Appendix, available with the full text of this article at www.nejm. org). We estimated the annual average PM 10 concentrations between 1990 and 2002 for each residential address by developing an algorithm that allowed interpolation of modeled values on the basis of historical trends in central-site measurements between the two years. Thus, each subject was assigned an annual PM 10 concentration every year between 1990 and 2002 according to his or her residential history. For our exposure indexes, we used the difference in the annual average exposure between 2002 and 1991 and the "interval exposure," defined as the sum of the annual exposures for each subject for each year of follow-up between their examinations. Just as pack-years represents a cumulative exposure for tobacco smoke, with units of exposure multiplied by time, the units for interval exposure are micrograms per cubic meter-years.
Smoking habits and other risk factors
Detailed information about current and past smoking habits, exposure to environmental tobacco smoke, respiratory symptoms, occupational exposure to dust or fumes, and other risk factors was gathered through questionnaires administered during interviews. 27 Subjects classified as never having smoked had smoked fewer than 20 packs of cigarettes and less than 360 g of tobacco in their lifetime. Pack-years smoked before the first examination and those smoked between examinations were assessed. Nonsmoking status was validated by measurement of the carbon monoxide concentration in exhaled breath (EC 50 MicroSmokerlyzer, Bedfont Scientific).
Pulmonary function and atopy
The same spirometers (SensorMedics 2200 SP, SensorMedics) were used in 1991 and 2002. Experimental cross-comparisons of spirometer performance were conducted before and after examination periods. (Spirometers were taken to one place and compared with one another; the same test subjects were used. 28,29 ) The protocol for the measurement of expired volumes and flows was outlined in the European Community Respiratory Health Survey and complied with American Thoracic Society recommendations. 27,30 FVC, FEV 1 , and forced expiratory flow between 25% and 75% of the FVC (FEF 25-75 ) were recorded. The rate of change in lung function was defined as the difference in each variable between the two examinations, divided by the follow-up time for the participant.
Skin-prick tests were conducted in 1991. 24,27 Participants were classified as having atopy if a wheal developed in response to one or more of the eight inhalant allergens tested (cat, timothy grass, parietaria, birch, house-dust mite, Alternaria tenuis, Cladosporium herbarum, and dog), with a mean diameter at least 3 mm greater than the mean diameter of the wheal for the negative control.
Statistical analysis
Descriptive analyses of the lung-function variables, PM 10 , smoking status, and other covariates were performed initially. Subsequently, our main goal was to determine whether improvements in air quality or interval exposure were associated with reductions in the annual decline in lung function when controlling for air-pollution concentrations at baseline. Although interval exposure has some theoretical attractiveness, it was highly correlated with change in exposure (R 2 >0.9), which limited our ability to distinguish between them.
Mixed-model regression analyses of the effect of change in exposure and interval exposure to The 8047 participants in the 2002 assessment provided a self-completed screening questionnaire, the results of a questionnaire administered during an interview, the results of spirometry, a blood sample, or a combination of these items. Seventy-three participants who reported during the 1991 or 2002 interview that they had never smoked or were former smokers but had expired carbon monoxide levels above 10 ppm at the same interview were excluded.
PM 10 on the rate of change in lung function were adjusted for clustering of residuals within areas; the models were controlled for baseline PM 10 . Covariates selected a priori included age, age squared, sex, height, parental smoking status, seasonal effects (sine and cosine function of day of examination), level of education and change in level, nationality (Swiss or other), the presence or absence of occupational exposure to dust or fumes at both examinations, smoking status in 2002 (never smoked, formerly smoked, currently smoke), pack-years up to and since 1991, cigarettes per day in both surveys, presence or absence of atopy, baseline body-mass index (BMI) and change in BMI, and the interaction between BMI at baseline and change in BMI. The covariates were included in all reported models except the model for subjects who had never smoked, in which the smok- ing variables were replaced with variables for baseline exposure to environmental tobacco smoke and exposure to environmental tobacco smoke between surveys, including the number of hours exposed per day. To assess the linearity of the relationship between the interval exposure to PM 10 and the annual rate of decline in lung function, the mixed model was refitted with the use of a penalized spline of interval exposure allowing up to 10 degrees of freedom for the curve (i.e., a penalty was imposed on the spline coefficients to achieve a smooth fit). Heterogeneity of effects across study areas was explored with the use of random slopes at the geographic-area level. Since the effect of interval exposure on the rate of decline in lung function may depend on the initial PM 10 concentration, we examined interaction terms between baseline PM 10 concentration and interval exposure. Sensitivity analyses that were conducted included the computation of parsimonious models without covariates for socioeconomic characteristics and atopy and analyses restricted to participants who remained in the area of the 1991 assessment throughout the follow-up period. The potential bias from nonparticipation in the 2002 assessment was examined by fitting weighted regression models of the data, with weights that were inversely proportional to the probability of participating in the 2002 assessment, given the baseline characteristics of the subjects. Potential modifications of effects according to sex, presence or absence of asthma, and smoking status were also assessed with the use of interaction terms.
Analyses were conducted with the use of SAS 9.1, Stata SE 8.2, and R 2.4 software. P values less than 0.05 and P values less than 0.10 were interpreted as statistically significant for main and interaction effects, respectively.
R e sult s
Of the participants, 87% were living in the same area in 2002 as they had been in 1991, and 54% had the same address. In general, home outdoor concentrations of PM 10 declined (Fig. 2) . The median decline between examinations was 5.3 μg per cubic meter (interquartile range, 4.1 to 7.5), and the decline was greatest for participants living in urban areas and least for those in alpine areas. 26 The mean interval exposure over the 11-year follow-up period was 238 μg per cubic meter-years (interquartile range, 197 to 287) ( Table 1 , and Table E1 in the Supplementary Appendix).
Participants in the follow-up were more likely to be women and less likely to be smokers than were nonparticipants (i.e., those who underwent spirometry in 1991 but either did not undergo spirometry in 2002 or did not participate in the 2002 assessment) ( Table 1) . Participants tended to gain weight, give up smoking, and reduce their exposure to dust or fumes at work and to environmental tobacco smoke.
Lung function declined least in those who had never smoked (Table E2 in the Supplementary Appendix). There was significant heterogeneity in the rate of decline of lung function across areas (P<0.001) (Tables E3 and E4 in the Supplementary Appendix).
In analyses of mixed models adjusted for covariates and baseline exposure, a decrease of 10 μg per cubic meter in the annual average PM 10 concentration between examinations was associated with a 9% decrease in the annual rate of decline in FEV 1 (i.e., by 3.1 ml; 95% confidence interval [CI] , 0.03 to 6.2), a decrease of 0.06 (95% CI, 0.01 to 0.12) in the annual rate of decline in FEV 1 as a percentage of FVC, and a 16% decrease in the annual rate of decline in FEF 25-75 (i.e., by 11.3 ml per second; 95% CI, 4.3 to 18.2) ( Table 2) . A similar pattern was seen with interval exposure in models adjusted for baseline exposure, with significant associations with a decline in FEV 1 (P = 0.005) and in FEF 25-75 (P = 0.01). A reduction in interval exposure of 109 μg per cubic meter-years (equivalent to a reduction of 10 μg per cubic meter in the annual average during the mean follow-up time of 10.9 years) was associated with a reduction of 6.9 ml (95% CI, 2.1 to 11.7) in the annual decline in FEV 1 and a 22% reduction in the annual decline in FEF 25-75 (i.e., by 14.0 ml per second; 95% CI, 3.1 to 24.8) ( Table 2 ). In assessing the linearity of the dose-response curve, the mixed model was refitted with the use of a penalized spline of interval exposure. Generalized cross-validation essentially chose a linear fit (Fig. 3) .
Observed associations between longitudinal changes in lung-function variables and exposure to PM 10 did not vary significantly across study areas (Tables E5 and E6 in the Supplementary Appendix). No significant modification according to baseline exposure was seen for FVC, FEV 1 , or FEV 1 as a percentage of FVC; however, a significant interaction was seen for FEF 25-75 (P = 0.04). In all cases, the signs of the interaction indicated that there was less improvement in decline in lung function for the same absolute reduction in interval exposure if the baseline exposure had been higher. For the significant association with FEF 25-75 , the model indicated that a reduction in interval exposure of 109 μg per cubic meter-years would lower the annual rate of decline in this variable by 13.5 ml per second if the assessment started from a baseline exposure of 30 μg per cubic meter, but by 22.4 ml per second if the assessment started from a baseline of 15 μg per cubic meter. No significant interactions were found with sex, presence or absence of atopy, or smoking status.
Similar effects were observed when the analysis was confined to subjects who never smoked, with significant associations for changes in the PM 10 concentration with FEF 25-75 (P = 0.03) and marginally significant associations, but with larger effect sizes, for the other lung-function variables (P<0.10). For interval exposure, the effect estimates were larger in subjects who never smoked for all measures of lung function except FEV 1 as a percentage of FVC and were significant for FEV 1 (P = 0.006) and FEF 25-75 (P = 0.047). The analysis that was weighted to account for nonparticipation had results that were similar to those of the main analysis (Table E7 in the Supplementary Appendix).
Dis cus sion
Our data show that improvement in air quality may slow the annual rate of decline in lung function in adulthood. The finding suggests that important changes in the rate of decline in pulmonary function occur across the range of exposures seen in Switzerland, where particle concentrations are relatively low. The old standard of the U.S. Environmental Protection Agency for annual average PM 10 , for example, was 50 μg per cubic meter, and the new European Union limits for PM 2.5 are consistent with PM 10 concentrations in the upper range of those shown in Figure 2 , suggesting that further reductions in these standards are likely to improve pulmonary health.
The strongest beneficial effects of a reduction in PM 10 were in the small airways, with a reduction in interval exposure of 109 μg per cubic meter-years associated with a 22% reduction in the rate of decline of FEF 25-75 , but effects were also observed for FEV 1 . We also found evidence of some persistence of the effect of the baseline level of air pollution on the subsequent annual decline in flow rates. Subjects whose baseline level was higher had a smaller improvement in the rate of decline in FEF 25-75 than did subjects whose baseline level of exposure was lower. This implies some long-lasting effect of historical exposure. Because of the high correlation (R 2 >0.9) between change in PM 10 and interval exposure, we were unable to single out one or the other as the superior measure.
The evidence of long-term effects on lung health of relatively low levels of exposure to air pollution has increased substantially during the past decade. 15,31 Deposition and accumulation of particles in the airways are related to lung anatomy and particle size, 32,33 and the smaller components of PM 10 can penetrate the periphery of the lungs. 14 Inhalation of smoke and other particulates has been associated with increased airway and systemic inflammation, 14,34 as well as with oxidative stress. 35 Animals that were exposed to Boston air and were moved into filtered air had a continuous reduction in oxidative stress in the lung, measured by means of an in vivo chemiluminescence assay. 36 An accelerated decline in lung function in persons with higher exposure to air pollution, as compared with persons with lower exposure, may represent a step toward increased mortality risk. 37 Exposure to air pollution has been associated with smoking and other socioeconomic factors that are predictors of respiratory health. 38 To address possible confounding, our reported associations were adjusted for a wide range of factors. Since nonparticipants in the second survey differed in a range of characteristics from participants in both surveys, we conducted weighted analyses and found essentially identical results. Also, baseline lung function was not predictive of change in the exposure to PM 10 , suggesting that our exposure variable was not associated with baseline lung health. The strongest effects observed were on lung flows, which are less commonly assessed than expired volumes in studies of respiratory health, because of greater intersubject variability. 39 In longitudinal studies, variability is reduced because each subject serves as his or her own control. Nevertheless, our findings need to be repeated elsewhere or in another follow-up study.
We were able to assign annual estimates of individual exposure to home outdoor PM 10 . 26 The predictions of the dispersion model provide an improvement over predictions based on fixed monitors, because they capture within-area vari- In the 1991 SAPALDIA analysis, we found that an increase of 10 μg per cubic meter in PM 10 was associated with a 3.4% decline in predicted FVC and with evidence of a negative effect on FEV 1 . 6 A negative association between FEV 1 and longterm exposure to PM 10 has been reported in a cross-sectional analysis of the California Adventist Health Study cohort. 9 However, our new results complement the intervention-like study of lungfunction development and air-pollution change in children in California, 18 where beneficial effects of moving to cleaner areas were strongest for lung flow (i.e., FEF 25-75 and peak flow). In our study, levels of PM 10 decreased mostly as a result of air-quality interventions in Switzerland and Europe.
In conclusion, our findings provide further support for a causal role of exposure to air pollution in respiratory health. Relatively small reductions in exposure to PM 10 have measurable benefits for lung function, suggesting that a decline in air pollution, even from low levels, may have positive consequences for public health.
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